Several amino acid copolymers are potent immunogens under the control of major histocompatibility complex (MHC)-encoded Ir genes. We have further characterized their accessory-cell-dependent, MHC-restricted presentation to T lymphocytes. We initially characterized their processing requirements by investigating the ability of paraformaldehyde-fixed antigen-presenting cells (APC) to present these copolymers. Fixed APC can present poly(Glus6Lys3sPhe9) and poly(Glu'Ala"Tyrl0) provided that they have been incubated with antigen prior to fixation. The inability of these same fixed preparations to present soluble antigen indicates a fixationsensitive antigen-processing step. In contrast, the antigens poly(GluW5Lys3OLeul) and poly(Glu55Lys35Tyr10) can be presented by APC fixed before antigen exposure. This differential requirement for antigen processing was exploited to analyze the events of antigen presentation in two related systems. First, the ability of isolated APC membranes to process and present antigen was assessed. APC membranes can present the antigens poly(GluLysLeu) and poly(GluLysTyr) in a specific and MHCrestricted manner. However, the isolated membranes fail to present either poly(GluLysPhe) or poly(GluAlaTyr), suggesting that such preparations can present but not process antigen. Second, the distinct properties of the various copolymers were used with fixed APC to test the effects of antigen processing on the phenomenon of antigen competition. APC that had processed poly(GluLysPhe) or poly(GluAlaTyr) were subsequently fixed and used to present antigen in the presence or absence of various antagonists. Under these conditions, poly(GluLysLeu) and poly(Glu50Tyr5) could effect specific inhibition, clearly indicating that antigen competition occurs distal to and does not require antigen processing. In contrast, native antigen with an absolute processing requirement is not capable of competing with preprocessed antigen on fixed APC. Taken together, these results suggest that processing is important for the molecular interactions between the copolymer antigens and the APC cell surface that are relevant to both antigen presentation and competitive inhibition.
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For the generation of inducer T-lymphocyte responses, foreign antigen is first taken up by a non-T accessory cell (antigen-presenting cell, APC) (1) . For most T-cell responses, accessory-cell antigen uptake must be followed by an antigen-processing step (1) . Indirect evidence suggests that this step involves lysosomal denaturation and/or proteolytic cleavage of antigen (2) (3) (4) (5) . Although it has been suggested that the critical event of processing may be antigen size reduction and/or the uncovering of hidden determinants, the reason that these or other antigenic modifications are required for effective antigen-presentation is unknown (3) (4) (5) . Such changes could be of importance to subsequent molecular interactions of antigen with the APC, the T cell, or both. Subsequent to processing, antigen is corecognized by the T lymphocyte in association with class II major histocompatibility complex (MHC) molecules (la molecules) on the surface of the APC (6, 7). The precise molecular interactions occurring between the antigen, the APC plasma membrane, the Ia molecules, and the T-cell receptor are not defined. It is clear, however, that Ta molecules profoundly influence both T-cell responses and the fine specificity of such responses (8-10).
Rock and Benacerraf (11, 12) have described a specific association of antigen with the APC that is strongly influenced by Ia allelic gene products. These findings have been extended to two amino acid-copolymer antigenic systems involving two distinct Ir gene products (11) (12) (13) AZ. Antigens were prepared as described (12) .
T-Cell Hybridomas. (GluAlaTyr)n-plus-I-Adspecific T-cell hybrids RF7.24 (14) and RF9.140 (11), the (GluLysPhe)"-plus-I-Ed-specific hybrids RF21.21 and RF21.8 (13) , and the alloreactive hybrids RF26.12 (anti-I-Ed) and RF19.52 (anti-I-Ad) (12) have been characterized previously. These cells are activated to produce the lymphokine interleukin 2 (IL-2) upon recognition of the appropriate specificities on the surface of Ia-bearing accessory cells.
Cell Culture. Cell culture medium was RPMI 1640 (M. A. Bioproducts, Walkersville, MD) supplemented as described (15) . T-cell hybrids were stimulated at 105 cells per culture, with or without a source of accessory cells in the presence or absence of antigen(s), in 200-,41 flat-bottomed microtiter Abbreviations: APC, antigen-presenting cell(s); IL-2, interleukin 2; mAb, monoclonal antibody; MHC, major histocompatibility complex.
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Proc. Natl. Acad. Sci. USA 82 (1985) plates. The cloned, Iad-bearing B-lymphoblastoid cell line A20 (16) (11) . The precise amount of each constituent is given in the respective experimental protocol. T-cell hybridoma cultures were incubated at 37°C for 18-24 hr, after which time 100 ,ul of supernatant was removed, exposed to y radiation (8000 rads), and assayed for IL-2 content.
IL-2 Assay. The T-cell lymphokine IL-:2 was assayed as described (15 Preparation of Membranes. Partially purified membranes from A20 cells were prepared as described (20) . Briefly, cells were disrupted by nitrogen cavitation, nuclei and mitochondria were removed by low-speed centrifugation, and partially purified membranes were obtained in the pellet after centrifugation at 22 ,000 x g. This pellet contains both plasma membrane and endoplasmic reticulum and was not further fractionated. Protein was determined by the method of Lowry et al. (21) , using bovine serum albumin as the standard. Table 1 . RF21.8 is a BALB/c (GluLysPhe),,-plus-I-Ed-specific hybrid that crossreacts with (GluLysLeu),, or (GluLysTyr),, plus I-Ed.
RESULTS AND DISCUSSION
Antigen-Processing Requirements of Amino Acid-Copolymer Antigens. To investigate the requirements for APC processing of several Ir-gene controlled amino acid copolymers, we tested the effect of paraformaldehyde fixation on the ability of accessory cells to present these antigens. Antigen presentation was assessed by the ability of such preparations to stimulate IL-2 production from antigenspecific, MHC-restricted T-cell hybridomas. We observed two distinct patterns. As shown in Fig. 1 , the antigens (GluLysLeu)" and (GluLysTyr),, can be presented by fixed (GluLysTyr)n (4) (GluLysTyr)" (2) (GluLysTyr), (4) (GluLysTyr), (4) anti-I-Ad anti-I-Ed APC to T-cell hybrids of appropriate specificity. In contrast, the same fixed APC fail to present the antigens (GluLysPhe)n ( Fig. 1) and (GluAlaTyr)n (unpublished data) in culture. Several points should be noted. First, for (GluLysPhe)n, (GluLysLeu)n, and (GluLysTyr)n, the same crossreactive T-cell hybridoma has been employed. Therefore, the observed differences reflect differential requirements for antigen presentation and not variation between individual T-cell hybridomas. Further, this difference is not simply due to the potency of these antigens as assessed by the dose-response observed with live APC (Fig. 1) . Second, fixation appears to be complete, since neither soluble (GluLysPhe)n nor soluble (GluAlaTyr)n can stimulate responses ( Fig. 1 ; Tables 1 and 2) and fixed APC fail to synthesize protein or DNA (unpublished data). Third, (GluLysPhe)n and (GluAlaTyr)n can be presented by fixed APC, provided the APC have been sensitized with antigen and incubated for several hours prior to fixation (Table 1 and unpublished data). Clearly, fixation does not disrupt any essential component for the T-cellaccessory cell interaction other than antigen handling. The fixed cells are less efficient, requiring greater numbers of cells and/or amount of antigen for maximal stimulation. However, this is observed even when they are used as class II MHC-alloantigenic stimulators. Taken together, these results indicate that the antigens (GluLysTyr)n and (GluLysLeu)n do not have absolute processing requirements. In contrast, (GluLysPhe)n and (GluAlaTyr), require a processing step that is sensitive to paraformaldehyde fixation. This latter finding is consistent with the findings for conventional protein antigens (1) (2) (3) (4) (5) and previous work with (GluAlaTyr), (22) .
In several protein-antigen systems, a processing requirement can be circumvented by in vitro denaturation and/or proteolytic cleavage of antigen (3) (4) (5) . However, when (GluAlaTyr)n is denatured and size-fractionated, no fraction is identified that is active with fixed APC (unpublished data).
Similar fractionation of (GluLysTyr)n yields activity in all fractions that is similar to the unfractionated material (upublished data). We have been unable to recover secreted or soluble-intracellular processed (GluLysPhe), or (GluAlaTyr)n from potent cloned APC that might allow us to further characterize this event. The precise reason why these various copolymer preparations differ in their requirements for antigen presentation is not defined by our data. Nevertheless, the behavior of these antigens is potentially useful for analysis of the events of antigen presentation that occur subsequent to antigen processing.
Ability of Isolated APC Membranes to Present Antigen. To further analyze MHC-restricted antigen-presentation, it will be important to develop in vitro systems where the relevant components can be isolated and studied functionally. Since metabolic integrity of the APC was not necessary for antigen presentation, we sought to determine whether the APC could be further disrupted with retention of biologic activity. For this purpose, membrane fractions were isolated from cloned Ia-positive APC. Such preparations were first tested for class II MHC-molecule function in cultures with Ia-specific, alloreactive T-cell hybridomas. Isolated APC membranes can stimulate both I-A-and I-E-specific T-cell hybrids (Table 2 and unpublished data). This clearly involves a direct Tcell-membrane interaction, since the hybrids are passaged as pure clones. We next tested whether these preparations could present soluble antigen in association with their class II MHC gene products. As shown in Tables 2 and 3 , isolated membranes stimulate a T-cell response to the antigens (GluLysTyr),, and (GluLysLeu)n. Several experiments confirmed the specificity of the stimulation. First, anti-Ia mAbs specifically inhibit the appropriate T-cell-hybrid-membrane interaction. Thus anti-I-A blocks stimulation of an I-A-specific hybrid (RF19.52) but not an I-E-specific (RF26.12) or an I-E-plus-(GluLysTyr)"/(GluLysLeu),,-specific hybrid (RF21.8) ( Table  2) . A reciprocal pattern of inhibition is observed with an anti-I-E mAb (Table 2) . Second, identically prepared membranes from APC with a different MHC haplotype (H-2k) fail to stimulate these hybrids (unpublished data). Third, for the antigen-specific hybrids, only the appropriate antigen plus membrane will stimulate. For example, H-2d membrane plus tSpecificity: (GluAlaTyr),, + I-Ad.
membrane-dependent T-cell responses are antigen-specific and MHC-restricted.
In contrast to the ability of isolated membranes both to stimulate allogeneic responses and to present the antigens (GluLysTyr),, and (GluLysLeu),,, the same preparations fail to replace live accessory cells for T-cell responses to (GluLysPhe),, (Table 3) or (GluAlaTyr),, (unpublished data). This pattern is observed with the same T-hybrid clone that is responsive to (GluLysPhe), (GluLysTyr),,, and (GluLysLeu),, (Table 3) . Therefore, this difference reflects differential presentation of the various copolymers, which correlates precisely with their antigen-processing requirements defined above with fixed APC. These results suggest that isolated membranes lack the ability to process native antigen and, therefore, that processing is not a cell-surface event.
Our observations show that it is possible to measure biological activity of isolated APC membranes for both class II MHC-alloantigenic stimulation and MHC-restricted antigen presentation for those antigens that lack an absolute 6650 Immunology: Falo et al.
processing requirement. It should be noted that the activity of membranes is similar to that of fixed APC. Thus, the antigen dose-response curve observed with APC membranes is comparable to that seen with fixed cells. When compared on a per-cell basis, the membranes are less efficient than fixed, intact APC by a factor of 2-6, depending on the preparation. Since only a portion of the membrane vesicles would be expected to have the appropriate orientation, this is obviously a minimal estimate of activity. These results are encouraging for the development of better-defined model systems for the study of antigen presentation. The use of well-defined model membranes for this purpose would appear to be feasible (23) .
Antigen-APC Interactions Subsequent to Antigen-Processing. Amino acid copolymers are useful for the analysis of antigen presentation because several structurally related antigens can compete for presentation at the level of the APC (11, 13) . Competition between pairs of antigens is detected by measuring the effect of a structurally related but nonstimulatory antigen on T-cell response to immunogen. Under these conditions, T-cell responses to (GluAlaTyr)n and (GluLysPhe)n can be specifically blocked by (GluTyr)n and (GluLysLeu)n, respectively (11, 13) . The latter inhibition is only detectable with a (GluLysPhe)n-specific T-cell hybridoma whose fine antigenic specificity is such that it does not crossreact with (GluLysLeu),, [RF21.21 as opposed to RF21.8, which is activated by (GluLysLeu)" plus I-Ed]. This effect has been localized to the APC and appears to define a specific site of antigen association (11, 13) .
The fixation and isolated-membrane experiments showed that the critical events of MHC-restricted T-cell antigen recognition can be dissociated from an APC-processing step. It was of interest therefore, to test what effect fixation, and hence antigen processing, has on the phenomenon of antigen competition. Since antigen competition can be detected with live APC even after pretreatment with antigen (refs. 11, 13; Table 4 ), we assessed the effect of the competing antigens on T-cell responses to antigen-pretreated, fixed accessory cells. This experimental design is necessary because the immunogens (GluAlaTyr)" and (GluLysPhe), have absolute processing requirements for effective presentation, as detailed above. As shown in Table 4 , both (GluLysLeu)n and (GluTyr),, are capable of inhibiting T-cell responses to the antigen-pretreated, fixed APC. This inhibition is highly specific. Thus, (GluLysLeu),, inhibits T-cell response to (GluLysPhe),, but not to (GluAlaTyr), whereas (GluTyr), gives the reciprocal pattern of inhibition. Under these conditions, it is clear that fixation is complete, since soluble (GluLysPhe),, and (GluAlaTyr),, fail to be presented by the fixed APC. Further, since the antigen-pretreated fixed APC are stimulatory, it is evident that antigen processing of the antigen has occurred. It can therefore be concluded that antigen competition does not occur at the level of antigen processing but rather occurs subsequent to this event. Also, by these criteria, the inhibitors (GluLysLeu),, and (GluTyr),, do not require processing to effect inhibition. In the case of (GluLysLeu),,, this is consistent with the results presented above. In this context, it was of interest to determine whether soluble (GluAlaTyr),, and (GluLysPhe),,, which are nonstimulatory with fixed APC, affect the presentation of their corresponding processed and APC-associated form. As shown in Table 4 (11, 13) . Whether additional processing modifications of antigen are required for the interaction ofantigenic determinants with the T-cell antigen receptor remains to be determined. Recent evidence has suggested that processing of cytochrome c peptides may be of importance for the uncovering of determinants that interact with the T-cell receptor (24) .
